In the last decades, several topographic correction methods (TOC) have been proposed, but there is not an agreement on the best method. Furthermore, different evaluation criteria have been used in the past, and there is not any simple and objective evaluation procedure to measure the quality of the correction. Consequently, a multi-criteria analysis of widely used topographic correction methods is required that evaluates their performance over different sensors, terrain and temporal configurations. In this work, ten TOC methods were assessed using seven different evaluation strategies. The analysis was carried out for three SPOT5 images acquired over a mountainous area of northern Spain. The images had different acquisition dates and solar angles, so as to evaluate performance under varying illumination conditions. The results obtained showed that Statistic-Empirical method, C-Correction and Sun-Canopy-Sensor+C performed the best, and differences were minor when favorable illumination conditions were considered. For the seven tested evaluation strategies, interquartile range reduction of land covers or the comparison of sunlit and shaded slopes gave very similar results, whereas there were greater contrasts among other criteria.
Introduction
The availability of Remote Sensing (RS) data has grown exponentially in the last few years. Accordingly, their applications in different fields, such as land-use/land-cover mapping, vegetation cover monitoring and change detection, retrieval of land cover biophysical parameters, agriculture, or and risk assessment, have increased. To retrieve accurate information from RS scenes, it is necessary to perform pre-processing operations to correct distortions that are inherent to any image acquisition process. The radiance recorded by an optical satellite sensor is affected by several factors, which include sensor and system induced errors, atmosphere, topography and solar illumination angles, that need to be resolved by correction methods (Balthazar et al. 2012; Reese and Olsson 2011; Veraverbeke et al. 2010 ).
In non-flat areas, illumination correction, also known as topographic correction, is an important step in pre-processing high-resolution RS data (Tan et al., 2013) . The radiance detected by sensors can vary significantly depending on the reflectance of land covers and on the slope and aspect of the area (Riaño et al. 2003) . The objective of topographic correction is thus to compensate for the differences in solar irradiance between areas with differing slope and aspect and, ultimately, to obtain the radiance values the sensor would have obtained in the case of a perfectly flat surface.
Numerous topographic correction (TOC) methods have been developed to correct topographic effects on the radiance measured by satellites. In those TOC algorithms, the illumination conditions for each pixel are normally estimated using the cosine of the solar incidence angle, cosγ i , based on the solar geometry (i.e., sun position), and the slope and aspect of these pixels (Eq. 1).
( 1) where β is the slope angle, φ n the aspect angle, θ s the solar zenith angle, and φ s the solar azimuth angle.
Both β and φn are pixel-based values computed from the digital elevation model (DEM).
According to Balthazar et al. (2012) , TOC methods can be grouped into three subcategories: empirical methods, semi-empirical methods, and physically based methods. The first group consists of simple empirical methods, such as band ratioing, that do not require additional ancillary data (Civco 1989; Ekstrand 1996) . These procedures are based on the assumption that radiance values vary, due to topography proportionally in all bands. They are easily implemented, but their output does not have a physical meaning (Blesius and Weirich 2005) . The second category groups semi-empirical approaches that need a DEM to represent the solar irradiance differences between slopes of the area to be corrected (Ghasemi et al. 2013; Hantson and Chuvieco 2011; Law and Nichol 2004; Lu et al. 2008; Soenen et al. 2005; Twele and Erasmi 2005) . Finally, physically based TOC methods model the full path of radiance through the atmosphere to the target object and backwards (Gu and Gillespie 1998; Sandmeier and Itten 1997; Soenen et al. 2005; Kane et al. 2008; Kobayashi and Sanga-Ngoie 2008; Soenen et al. 2009; Zhang and Gao, 2011) .
Due to their relative simplicity and accuracy, semi-empirical TOC algorithms are most often used.
Those methods require fitting empirical parameters for the correction of each spectral band, and these parameters can be fit globally to the whole scene or individually for each land cover type. In the latter case, the scene needs to first be stratified or pre-classified on different strata that are corrected individually to achieve a more precise estimation of the correction parameters and, thus a stronger reduction of the topographic effect (Bishop and Colby 2002; Bishop et al. 2003; Szantoi and Simonetti 2013) . On the other hand, Reese and Olsson (2011) recommended different sampling strategies for the determination of the correction parameters.
A number of TOC algorithms were proposed in the past. However, there is not an agreement on their performance, as authors used different evaluation procedures that are not easily comparable (Civco 1989; Lu et al. 2008; Richter et al. 2009; Hantson and Chuvieco 2011) . Most of these evaluation criteria are summarized in Table 1 , including the pros and cons for each. Reduction of land cover variability Gao et al. 2014; Moreira and Valeriano 2014; Fan et al. 2014 Objective. Analysis on different land covers
Need of reliable information on land covers
Classification accuracy
Hoshikawa and Umezaki 2014; Vanonckelen et al. 2013; Füreder 2010 Assesses the effects of correction on thematic products derived from RS. Quantitative. Analysis on different land covers
Depends on the quality of ground truth data, classification algorithm, etc.
Difference Northfacing/South-facing pixels of same land cover Civco 1989; Fan et al. 2014; Vicente-Serrano et al. 2008; Notarnicola et al. 2014 Good correction, undercorrection or over-correction detected
Only selected land cover is assessed Balthazar et al. 2012 Quantifies the percentage of pixels each TOC could correct
Presence of outliers

Not a proper TOC evaluation technique
Similarity to SH (synthetic images) Sola et al. 2014 Comparison between corrected image and ideal situation
Need to generate a pair of synthetic images
Visual evaluation of the removal of the topographic effect is, generally, the first indicator of the quality of the correction (Szantoi and Simonetti 2013; Tan et al. 2013; Shepherd et al. 2014) . Nevertheless, it is imperative to quantitatively evaluate the results to select the best TOC method (Balthazar et al. 2012 ).
One of the most widely used quantitative evaluation procedures is the decrease in the dependence between cosγi and the radiance of each spectral band after TOC. This can be measured through the decrease in the correlation coefficient (Gao et al. 2014) , in the slope of linear regression (Vanonckelen et al. 2014) or both (Gao et al. 2014; Goslee 2012; Szantoi and Simonetti 2013; Zhang and Gao 2009a) . A lower dependence between the incidence angle and the corrected radiance indicates a better topographic correction. Obviously, this is not valid in areas where slope and aspect influence land cover distribution.
In such areas, residual correlation between radiance and cosγi should be expected, even after a successful topographic correction (Hantson and Chuvieco 2011) .
Quantification of the reduction of land cover class variability after TOC can be measured through the standard deviation (SD) or the coefficient of variation (CV) of the reflectance within each land cover class (Fan et al. 2014; Gao et al. 2014; Moreira and Valeriano 2014) . Land cover homogeneity should theoretically increase after correction, since the intraclass radiometric variations caused by topography are minimized. This criterion is arguably the most objective and quantitatively measurable evaluation procedure. However, it is only applicable to cases where a priori knowledge of land cover distributions is available. When this information is missing, broad land cover classes based on vegetation index thresholds can be created, i.e., vegetation or no vegetation (Szantoi and Simonetti 2013) , forest or pastures (Goslee 2012; Lu et al. 2008) or samples of representative land covers (Gao et al. 2014 ).
Alternatively, the improvement of the accuracy of land cover classification has been considered to be a good measure of the effects of preprocessing (i.e., atmospheric and/or topographic correction) of satellite imagery (Hoshikawa and Umezaki 2014; Moreira and Valeriano 2014; Vanonckelen et al. 2013) . A classification based on topographically corrected images should ideally yield a higher accuracy than one using uncorrected data. A similar approach is to evaluate the improvement in biophysical parameter retrievals (Ekstrand 1996; Tokola et al. 2001) or in change detection accuracy (Tan et al. 2013; Vanonckelen et al. 2015) . However, these assessments entail their own uncertainties in classification, change detection and retrieval algorithms, and this makes it difficult to directly relate their results to TOC quality (Hoshikawa and Umezaki 2014; Sola et al. 2014 ).
Some authors previously evaluated TOC methods by extracting samples of certain land covers (i.e., forest or pasture) for north-facing (shaded) and south-facing (sunlit) slopes (Fan et al. 2014; Notarnicola et al. 2014; Goslee 2012; Vicente-Serrano et al. 2008; Riaño et al. 2003) . The samples from the north and south slopes were compared before and after TOC through their mean radiance difference or the Root Mean Square Deviation (RMSD) (Schulmann et al. 2015 ). An ideal TOC would make north and south samples more similar. However, this criterion assumes that land cover characteristics (i.e., forest density)
are the same in south-facing and north-facing slopes, although this is not always the case.
An ideal topographic correction should not substantially change the spectral characteristics of land covers (i.e., mean radiance value) (Riaño et al. 2003; Richter et al. 2009) . A substantial change would mean that the TOC introduced a bias that violated the spectral stability. This evaluation procedure has been used image-wide (Ghasemi et al. 2013; Goslee 2012; Zhang and Gao 2009a) or stratified by land cover classes (Goslee 2012; Moreira and Valeriano 2014) . However, it cannot strictly be considered a criterion to assess the performance of the correction, but rather as a measure of stability (Baraldi et al. 2010 ).
Another evaluation criterion is the proportion of statistical outliers generated after TOC. In extreme conditions, some TOC methods can fail and result in abnormally high or low radiance values, i.e., outliers.
Unfortunately, this issue is not thoroughly analyzed in the literature. Balthazar et al. (2012) defined an expected range of radiance values and considered outliers to be all the pixels beyond that threshold. Using this description, they then tested the amount of outliers generated by a given TOC.
Finally, Sola et al. (2014) proposed the use of simulated scenarios based on synthetic images to evaluate topographic correction algorithms in a more thorough and objective manner. Synthetic images represent the radiance an optical sensor would receive under specific geometric and temporal acquisition conditions and assuming a certain land cover type. They can be used to select the best performing TOC for each particular situation (e.g., solar angles, spatial resolution, etc.). In particular, using a Synthetic To summarize, many TOC algorithms have been proposed, but most of them have not been fully and consistently evaluated since most studies only considered a limited set of illumination conditions and only one or two evaluation criteria. Therefore, the objective of this paper is to perform a multi-criteria analysis of different topographic correction methods, providing a guideline of use of TOC methods under different conditions, including advantages and shortcomings of each TOC algorithm.
Material and methods
Study area
Three different image acquisition dates were analyzed that corresponded to a single study site in the Pyrenees mountain range, Spain (Fig. 1 ). For these images, the relief is rough and the valleys are oriented in different directions. The land coverage is primarily coniferous, broadleaf and mixed forest, comprising 60% of the area, whereas 23% of the land coverage is agricultural. Other classes, such as shrubs, rocks or unproductive areas are less frequent. The mean altitude of the area is 380 m, ranging from 67 to 1370 m, and the maximum and mean slopes are 75.6º and 22.2º, respectively. These figures indicate a rough topography for the study area. 
Data acquisition and Processing
The area corresponded to a 15x15 km subscene of three SPOT5 images acquired under different temporal configurations (Table 2 ). SPOT5 multispectral scenes are composed by four spectral bands (i.e., ) by using the gain and offset values provided in the metadata file for each spectral band. The land-use/land-cover (LU/LC) information of the area was obtained from specific cartography of the region of Gipuzkoa (Gobierno Vasco 2007; 2010) . Using these maps, the land cover classes of the study area were reclassified into nine broad classes. The percentage of surface covered by each of the nine land cover classes is shown in Table 3 . All the topographic parameters necessary to apply each TOC method were retrieved from the original digital elevation model (DEM), at 5 m resolution, and then resampled to 10 m to match the spatial resolution of SPOT5. This DEM, provided by the Spanish National Geographic Institute (IGN), was generated in 2010 from cubic convolution of LIDAR point cloud, with a density of 0.5 points m -2 .
Selected topographic correction algorithms
After a comprehensive literature review, this work selected ten topographic correction algorithms based on their reported popularity and performance that are detailed in Table 4 (Richter 2009; Vanonckelen et al. 2013; Moreira and Valeriano 2014) . Table 4 excluded algorithms widely tested but with proven poor performance, such as the Lambertian methods of Cosine and Sun-Canopy-Sensor (SCS). Similarly, algorithms that performed well but had been tested only on a single study were discarded (e.g., Kobayashi and Sanga-Ngoie 2009; Zhang and Gao 2011) , since further research was deemed necessary to fully corroborate the results. Some of these TOC methods can be easily implemented, but in others, the authors encourage users to adjust or tune the correction parameters so as to obtain optimum results for their specific dataset. For instance, after preliminary tests with different values, a smooth factor of 3 was selected in sCC3 to calculate the smoothed β, as it provided the best results. Furthermore, following the suggestions of Lu et al. (2008) , a second degree polynomic equation was used as the best fit to the regression between
Minnaert k and β in PBM, while in MM correction the "strong" correction option was selected and the lower bound g was set to 0.1 after testing. Finally, in 2SN and SM the sunny and shady slopes were automatically masked from the image of aspect generated from the DEM, and only the main land cover (i.e., broad-leaved forest) was considered in the calculation of the correction parameters C 2SN and C SM .
In the calculation of TOC parameters, flat pixels were excluded, that is, pixels where β < 5º. Pixels occluded by surrounding topography, as in pixels cast in shadow, or self-shadowed pixels (i.e., pixels where cosγ i < 0) were also masked out for that purpose. However, TOC algorithms were later applied image-wide with no mask used. Additionally, bidirectional reflectance distribution function (BRDF) was not considered, as this information is rarely, if ever, available, and is extremely difficult to obtain for regional studies (Goslee 2012) . Moreover, for high spatial resolution sensors with a small field of view, the solar viewing geometry is approximately constant for flat surfaces. Therefore, BRDF variations for a certain cover type due to geometry changes are small (Richter, 1998) . Finally, no corrections were made in the view direction as little impact of sensor viewing angle on reflectance in temperate latitudes has been reported in the literature (Nagol et al. 2015) .
Evaluation strategies
TOC ranking based on multi-criteria
To have a general overview of the performance of the TOC algorithms tested over the three images, the results obtained through the seven different evaluation procedures were standardized and assembled in a multi-criteria ranking of TOC methods. To do this, the results of each criterion were standardized by subtracting the mean from each feature and dividing that value by its standard deviation (SD) so that standardized values above zero refer to TOC methods performing higher than the average, and values below zero refer to poor performers. An ensemble criterion was then obtained as the mean of the seven standardized criteria.
Visual analysis
Visual evaluation of the images was independently performed by 10 Remote Sensing (RS) scientists and engineers who were asked to compare pairs of corrected images with no information about the TOC method used. Overall, there were 1350 pairwise comparisons derived from 45 comparisons of three images by each of the ten participants, and each method was compared a total of 90 times (9 comparisons by each of the 10 participants) for each image. Based on those pairwise comparisons, a ranking of TOC methods was built, based on the number of times each TOC method was considered visually better than the other method in the pairwise comparison.
Correlation analysis
Quantification of the reduction of the dependence between cosγ i and the radiance of each spectral band after image correction was computed by fitting a linear regression, and analyzing its slope and correlation coefficient (R).
Stability of land cover radiometry
In this work, the study area was classified into nine broad land cover classes based on local cartography (Table 3 ). The relative difference of median radiance (RDMR) was calculated for each land cover by comparing the median radiance of land covers before and after the correction (Eq. 2). This method is more reliable then considering the mean, which has more outliers. Subsequently, the areaweighted RDMR was computed for each spectral band. An ideal TOC method should be stable and result
in RDMR values close to zero. 
where , and are the topographically corrected and uncorrected median radiances of each land cover class, respectively.
Intraclass interquartile range reduction
The reduction of intraclass variability after correction can be measured using different statistical measures (e.g., variance or SD). The major drawback of this procedure is that the presence of outliers, generated by TOC algorithms on unfavorable conditions, could produce distorted SD results. This effect could instead be minimized by using the interquartile range (IQR), the difference between the upper (Q3) and lower (Q1) quartiles, that is much less sensitive to outliers. Consequently, this modification was implemented in this study. To calculate IQR, images were stratified in the nine land cover classes explained in section 2.2 (Table 3 ). The main statistics for minimum, Q1, median, Q3 and maximum radiance of each land cover class were calculated before and after correction. The area-weighted IQR reduction (Eq. 3) was computed after.
where , and are the topographically corrected and uncorrected IQR of each land cover class, respectively.
Ideally, IQR should decrease after TOC. An advantage of this criterion is that it allows a per class evaluation of the influence of TOC on different land covers that might be more or less affected by topography (Table 1) .
Comparison of coniferous forest radiometry between sunlit and shaded slopes
In this work, 2000 pixels of coniferous forest were randomly selected for each image. Half of them were located in sunlit slopes (i.e., slope aspect = solar azimuth ± 10º) and the other half in shaded slopes.
The radiance difference between sunlit and shaded slopes was then computed.
Previously, most evaluation of TOC algorithms were carried out on favorable conditions (Zhang and Gao 2009b; Richter et al. 2009; Vanonckelen et al. 2014) , and the few problematic pixels located on weakly illuminated slopes (cosγi ≤ 0) were normally masked and excluded from evaluation. Consequently, it has been deemed better to leave those pixels uncorrected than to correct them (Baraldi et al. 2010 ).
However, it seems interesting to assess the performance of TOC algorithms on the whole image, without including any masks, and thus it is necessary to correct even those extreme pixels located on weakly illuminated slopes. When a TOC algorithm fails at correcting those pixels, however, it may create outliers, and a method that generates too many outliers cannot be recommended. In this work, pixels of topographically corrected scenes with radiance values higher than the maximum original radiance or lower than the minimum were considered to be statistical outliers, and their percentage in the image was calculated.
2.4.8. Synthetic images Sola et al. (2014) proposed a novel evaluation strategy of the performance of TOC based on the comparison between Synthetic Horizontal images (SH) and topographically corrected Synthetic Real images (SR TOC ) (Fig. 2) . The latter were generated considering the real DEM of an area, while the former were obtained by running the simulation model over an ideal flat DEM. SR can be corrected with the TOC method being evaluated, whereas SH corresponds to the ideal situation of the at-sensor radiance with no influence of topography. The SH image was used as a reference to compare how close the corrected SR image was to the ideal correction by using image quality indexes such as the Structural SIMilarity index (SSIM) proposed by Wang et al. (2004) . The mean SSIM index (MSSIM) can be used as an overall image quality metric to quantitatively rank the performance of TOC methods. It is also useful to apply the SSIM index locally rather than globally (Wang et al. 2005) to generate a SSIM map from the local statistics within an 11 x 11 circular-symmetric Gaussian weighting function, which moves pixel-by-pixel over the image (Brunet et al. 2012 ). The SSIM maps generated for each topographically corrected image show the performance of the correction pixel-by-pixel, and the combination of SSIM maps and MSSIM index provides a useful tool to decide the best TOC method for each scene. Fig. 2 . Scheme of the novel evaluation strategy of the performance of TOC methods based on synthetic images
Results
Multi-criteria analysis of different topographic correction (TOC) methods was performed to evaluate their advantages and disadvantages, with the aim of providing a guideline for using TOC methods under various conditions.
Visual analysis
Visual analysis of three distinct images was carried out to allow direct pair-wise comparison of the different TOC methods. In Fig. 3 , false color composite (Near Infrared, Red and Green) of corrected images from August are shown. The topographic effect was strong (Fig. 3a) , and the differences between TOC methods can clearly be seen (Fig. 3b-k) .
In this particular case, CC and SE visually performed very well, while 2SN, SM and SCSC corrected most of the shadowed areas. In turn, sCC3 showed a corrected image where shadows were only partially removed. On the other hand, methods based on Minnaert (i.e., MIN, EMIN and PBM) successfully corrected the differences on radiance introduced by the topography in most of the scenes, although visual evaluation was negatively affected by the presence of outliers in some areas. Lastly, MM failed at correcting the topography, and yielded unreliable results. 
In contrast to the images from August, there were minor topographical effects in the images from June (Fig. S1a) . Therefore, the differences between TOC methods were slight (Fig. S1b-k) . The image of December, however, corresponded to an extreme scenario with a strong topographic effect and shadows in most zones of the study area (Fig. S2) . In this case, none of the tested TOC algorithms (Figs. S2b-k) succeeded in completely correcting the tremendous topographic effect on the original image (Fig. S2a) .
The shadowed areas corresponding to pixels where no direct irradiance is impinging on the surface were only partially corrected with SE and SM, whereas outliers in this area were clearly noticeable for the other methods. Minnaert based methods (MIN, EMIN, PBM and MM) also did not extract reliable spectral information from those areas, while MM had a very poor performance.
Ranking of methods according to visual analysis provided preliminary results on the quality of each TOC method, although in some cases the evaluation was limited by the slight differences among corrected images to compare. As seen in (Fig. 3f, 3g and 3h) . Conversely, MM ranked last for the three dates analyzed, showing a poor correction of the topographic effect.
Correlation analysis
Further investigation of the different TOC methods was done via correlation analysis. The slope and correlation coefficient (R) of the regression between cosγ i and the radiance of each spectral band are shown in Fig. 4 for the original image (left) and for the ten topographically corrected images for each of the three dates. The ideal correction method should lead to R and slope values of zero. As seen in Fig. 4 , positive slopes and high R-values were observed for the original images, due to the topographic effect, especially for the NIR band. According to this criterion, SE, CC, SCSC and MIN methods were the best methods for reducing the dependence of spectral radiance on illumination in the three images studied, with minimum slopes and R-values. EMIN, PBM, 2SN and SM methods also performed well, but showed a negative correlation for some bands and a positive correlation for others.
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The former indicates over-correction, whereas the latter is a sign of incomplete removal of the topographic effect. Finally, sCC3 only partially reduced the correlation between radiance and illumination, while MM overcorrected the original image, showing a negative slope.
Radiometric stability of land covers
The stability of land covers, measured through the RDMR, is shown in Fig. 5 . The original radiometry of land covers was strongly modified by some TOC methods, especially PBM, with a RDMR of land covers up to 80% in the hardest scenario for the infrared bands. It is noticeable that radiance variations were positive for most methods, with 2SN being the only TOC method with negative RDMR values, especially on IR bands in December. Variations were minor in June and August, with RDMR values below 10% in most cases. As expected, results were generally worse in December. Overall, sCC3 was the TOC method that altered the radiometry the least, with RDMR below 5%, even in December, followed by SCSC, CC and SE.
Intraclass IQR reduction
Intraclass interquartile range (IQR) reduction criterion depends on the amount of topographic effects to correct each case. Therefore, IQR reductions are expected to be lower in June than in August or December because the topographic effect was less pronounced. The IQR reduction was also analyzed per land cover to independently evaluate the performance of TOC methods on each land cover. Fig. 7 shows the results of band 3, which was particularly affected by the topographic effect, for four predominant land covers of the study site on the three dates considered.
The four land covers showed a similar trend of increase in the IQR reduction in the image from December for the best performing method. The greatest IQR reduction was achieved for rocks in most TOC methods for all the spectral bands. Also, broad-leaved forest, mixed forest and grasslands showed a strong IQR reduction in most TOC methods, especially for December. As for the algorithms, some methods, such as SE, SM or SCSC, strongly reduced the original IQR of the four displayed land covers on the three dates.
Other methods, like CC, sCC3 and 2SN, did not reduce IQR much, but never came into negative values.
Finally, MIN, EMIN, PBM and especially MM gave poor results.
Comparison of conifer forests radiometry between sunlit and shaded slopes
In the uncorrected scenes, the radiance difference between conifer forests located on sunlit slopes and shaded slopes increased when the topographic effect was more severe (UNCORR. in Fig. 8 ). Ideally TOC methods should reduce this difference and bring it close to zero, meaning that sunlit and shaded slopes had been homogenized, but this was not always the case. In fact, most TOC methods reduced this difference too much and showed negative difference values for some spectral bands (i.e., band 1 and band 2) (Fig. 8), which is a sign of over-correction. This was especially true for December. Again, MM had a poor performance with a strong over-correction in most cases that resulted in pixels of shaded slopes having a much higher radiance than on sunlit slopes. SM and SE were the most successful in homogenizing sunlit and shaded slopes for the three dates, with only slight differences among them. Some other methods, such as SCSC, 2SN or PBM, performed well for June and August, but not in December. Having few outliers is an important characteristic for successful TOC methods. The percentage of outliers was low, always below 1%, in June and August for all of the TOC methods, as seen in Fig. 9 . This percentage rose dramatically in December for some of the methods, including MM, PBM, EMIN and MIN, especially in band 4. According to this criterion, the best method was sCC3. 
Evaluation using synthetic images
The pixel-based agreement between a topographically corrected SR image (SRTOC) and a SH image of the same area was measured by Structural SIMilarity index (SSIM). To obtain a global measure, the MSSIM index was computed, where a higher MSSIM is better (Table 7) . Most TOC methods achieved MSSIM values higher than 0.8 in June and August. It is easily observed that most TOC methods improved the original situation (UNCORR. in Table 7 ). Among the ten TOC methods evaluated, CC ranked first for this criterion. This algorithm achieved a successful correction for all of the bands and dates. Furthermore, SE, MIN and SCSC performed well in most cases, although the correction was substandard in December. Methods such as EMIN or 2SN performed better in visible bands in June and August, but failed in IR bands, bands 3 and band 4, in December. In general, the results of the comparison between SH and SR TOC were significantly inadequate for December, congruous with other criteria. For this criterion, PBM obtained the lowest values, with an even poorer performance than MM, which is the worst performing TOC method for all of the other criteria. To further compare SR TOC and SH images, scatterplots were represented along with the pixel based SSIM maps (Fig 10) . To be more concise, only scatterplots for the third band of the August image were displayed for three TOC methods, SE, SM and 2SN. SE showed a good performance, with most pixels located close to the 1:1 line on the scatterplot and high SSIM values. SM was an intermediate case, with more differences between SH and SRTOC depicted in both the scatterplot and the SSIM map. The scatterplot showed a clear increase in the original radiometry of land covers in the SR TOC image compared to the SH image, in line with the results shown in Fig. 5 . Finally, 2SN failed to successfully remove the topographic effect, showing a poor performance in the scatterplot and more dark areas clearly observed in the lower left part of the SSIM map, which corresponds to a low similarity between the SR TOC image and the SH image.
TOC ranking based on standardized multi-criteria
To provide an ensemble evaluation criterion, the results obtained through the seven different evaluation procedures were standardized and assembled in a multi-criteria ranking of TOC methods (Table 8) . Among the methods tested, SE could globally be considered the best, as it performed well according to most of the criteria for the three dates. Similarly, CC, SCSC and 2SN also obtained good results, with only minor differences between all these best-performing TOC methods. In contrast, MM performed significantly worse than other TOC methods.
Other methods, such as MIN, EMIN, PBM or SM, had inconsistent results, with good performances according to some criteria and poor results according to others. For example, SM ranked in the first positions for some criteria in December, like IQR reduction or sunlit shaded slopes, but had poor results in terms of stability, as it modified the radiometry of land covers. This was further confirmed by the synthetic image evaluation procedure for June and August. In general, Minnaert-based methods MIN, EMIN and PBM performed slightly worse than the top ranked TOC methods. In particular, MIN and EMIN showed a poor performance in the visual assessment, and EMIN also performed poorly in terms of stability, similar to PBM. On the contrary, sCC3 performed the best in this criterion, but was unsuccessful in reducing the IQR of the radiance of land covers.
Discussion
Out of the ten TOC methods compared in this study, SE, CC and SCSC, in this order, seemed to outperform the others. They resulted in a better reduction of the topographic effect according to the different criteria used methods. This could partly be due to the inconsistent nature of these methods, where it is necessary to tune and optimally select a number of empirical parameters for each particular case or dataset.
For the different evaluation criteria, some are hard to compare in a multitemporal manner, as their values depend on the illumination conditions of each particular date. For instance, the difference between conifer forests located on sunlit or shaded slopes increased when the topographic effect was more severe.
Moreover, the comparison between SH and SRTOC measured through the SSIM index also depended on the date. Similarly, the same rate of IQR reduction could be a sign of successful correction in June, but not in December. On the other hand, some other criteria did not follow this trend. For example, in the visual assessment (Table 6) , SM ranked higher in December than in June or August. This appears to be caused by the weaker topographic effect to be corrected in the images of June and August, which resulted in fewer differences between TOC methods. Therefore, the visual assessment as a criterion to compare TOC methods in favorable conditions may not be adequate. According to the correlation criterion, SE, CC and SCSC were the best methods for reducing the dependence of spectral radiance on illumination in the three studied images, with minimum slopes and R-values. MIN also performed well in June and August for reducing a dependency on spectral radiance. In contrast, residual correlation remained after the correction in December. These results are in line with previous studies (Gao et al. 2014; Soenen et al. 2008; Wu et al. 2008 ). Land covers behave differently when TOC methods are applied based to their degree of nonLambertian behavior (Mariotto and Gutschick, 2010) . Thus, it is interesting to analyze the results per land cover. When the reduction of IQR for land-covers was analyzed for the NIR band (Fig. 7) , the best results were obtained for rocks. This could be due to the structure of this land cover being more homogeneous, and, consequently, their reflective behavior more controlled by the topography. Further, this land cover is frequently located on very steep slopes. On the other hand, mixed forests and broad-leaved forests showed slightly lower degrees of IQR reduction for the NIR band. The reason for this could be due to the differences in forest structure and canopy self-shadowing, which is not considered in this work, but would be a major issue to take into account in future developments in this field (Gu and Gillespie, 1998; Soenen et al., 2005; Kane et al. 2008 ).
Among the spectral bands, the NIR and SWIR (bands 3 and 4) had the highest difference between shaded and sunlit slopes on the uncorrected images, probably due to a particularly strong topographic effect on these spectral bands, which is in line with previous studies (Nichol et al. 2006) . Nevertheless, most TOC methods achieved a great reduction of these differences for the NIR and SWIR bands. Similar to what was found by Balthazar et al. (2012) , statistical outliers were found mostly in very lowilluminated areas, generally shaded slopes, those with low values of cosγi. Consequently, the amount of outliers significantly increased in December (Fig. 9) . Finally, the use of synthetic images suggested a general good performance of SE and CC, which is consistent with the results obtained with other criteria.
In conclusion, the performance of 10 widely used TOC methods were assessed through a multi-criteria analysis based on images acquired on three different dates, covering a range of illumination conditions from moderate to severe. The results obtained have been used to provide basic guidelines on the use of TOC methods for different statistics, as summarized in a table of pros and cons (Table 9 ): 
Conclusions
This paper aimed to perform a multi-criteria analysis of different topographic correction (TOC) methods applied under different conditions, including advantages and shortcomings of each TOC algorithm. The multi-criteria analysis showed that the use of a single evaluation procedure to assess the quality of topographic correction algorithms might be inappropriate, as the quality of the correction depends on several factors. Some evaluation criteria had similar rankings to the multi-criteria ranking, for example, intraclass IQR reduction or the comparison of sunlit and shaded slopes. However, other criteria had more of a contrast in their rankings when compared to the multi-criteria ranking. Consequently, the use of a multi-criteria approach to assess the global performance of topographic correction algorithms is strongly recommended. If a single evaluation criterion was to be recommended, the intraclass IQR reduction should be used, since it was the most representative of the multi-criteria ranking. However, land cover distribution is a prerequisite for this criterion to be utilized.
TOC performance depended strongly on the magnitude of the topographic effect to correct, and this depended on the illumination conditions of the acquisition. In favorable conditions, such as June, most TOC algorithms performed adequately and the differences between the best TOC methods (SE, 2SN, SCSC and CC) were minor. In these favorable conditions, the selection of one algorithm or another seemed to have little impact on the outcome of the correction. However, as the topographic effect became stronger, as for August and especially December, differences between TOC algorithms became more apparent. According to our results, methods including slope smoothing (i.e., sCC3) or based on the Minnaert approach (i.e., MIN, EMIN or PBM) should be avoided when poor illumination conditions were considered. Slope smoothing methods were unsuccessful at reducing the intraclass IQR, while the Minnaert approach introduced too many artifacts and failed in terms of radiometric stability.
As a practical recommendation, the TOC algorithms that achieved a best performance were SE, CC and SCSC, and these could be recommended for most situations. Other methods, such as 2SN and SM, performed inconsistently, with results varying from good to moderate depending on the image, illumination conditions or method implementation. Finally, some methods were found to be too complex to apply, as they required many parameters. Others, such as PBM, MM, 2SN and SM, were open to arbitrary decisions of the user to adapt the correction to each specific dataset. These issues are not minor, since every processing algorithm should be as simple as possible to facilitate its use and implementation in automated image processing chains.
